Abstract. The threat posed by invasive nonnative plants to native plant populations is one of the largest challenges facing both conservation biology and restoration ecology. California has been highly impacted by invaders, although many relict stands of native plants are found on shallow, rocky soils with limited resources. The abiotic conditions of these sites may strongly influence the performance of an invasive plant and its effect on resident native species. In addition, the maturity of native plants in these sites may modulate an invader's impact; larger, well-established plants may be better able to resist invaders. In this study we examined how the impact of an invasive thistle (Centaurea solstitialis) on a native perennial bunchgrass (Nassella pulchra) changed in response to variation in soil depth, soil water availability, and bunchgrass maturity. We measured plant performance in terms of survival, growth, reproduction, and predawn water potential. We found that soil depth, water availability, and bunchgrass maturity acted in concert to influence the impact of the invasive thistle on the native bunchgrass. Both species performed better in deep soils, especially during dry years. The combination of shallow soil and low water availability reduced C. solstitialis performance and ameliorated its negative effect on N. pulchra growth and reproduction. Higher water availability resulted in a stronger negative effect of C. solstitialis on N. pulchra in both shallow and deep soils. However, as N. pulchra matured and increased in size, we saw a steady decline in C. solstitialis growth and reproductive output. Higher water availability increased the performance of C. solstitialis in shallow soils. C. solstitialis may thus have a stronger impact on N. pulchra and be more able to invade relict stands of N. pulchra in shallow soils during high-rainfall years. However, established stands of N. pulchra appear to be more resistant to invasion by C. solstitialis as N. pulchra plants grow older and larger.
INTRODUCTION
Impacts of invasive plant species on native plant communities are of concern to both ecologists and resource managers. Variation in abiotic conditions, such as physical disturbance, changes in soil nutrient levels, or natural variation in climate can influence whether invasive species are able to establish and spread within native plant communities. In California's Central Valley grasslands, perennial bunchgrasses were once an important component of the vegetation, but a combination of invasion by exotic species, drought, overgrazing, and conversion of grasslands to agriculture resulted in the replacement of most stands of native perennial grasses with introduced annual grasses (Burcham 1957 , Dasmann 1973 , Heady 1988 , Menke 1989 . Remnant stands of perennial grasses are often found growing in ''marginal'' edaphic habitats, such as highly weathered, shallow soils on exposed slopes or low-fertility serpentine soil outcrops (Murphy and Ehrlich 1989) .
These remnant native grass populations appear to be resistant to invasion Griffin 1996, Corbin and D'Antonio 2004) , and this resistance probably results from a combination of biotic and abiotic factors. Models suggest that established communities with strongly interacting species could have a ''priority effect'' that can repel even strongly competitive invaders (Case 1991) . For example, the ability of native perennial grasses to compete effectively with an invasive thistle, Centaurea solstitialis L. (yellow starthistle), increases as the grass matures and increases in size. A study of 1-yr-old Nassella pulchra (A. Hitchc.) (purple needlegrass) plants grown with nonnative annual grasses found decreasing relative levels of competitive interference on N. pulchra as the native grass increased in size (Hamilton et al. 1999) . Another study found that monocultures of 1-yr-old N. pulchra plants were more resistant to C. solstitialis invasion than monocultures of N. pulchra seedlings (Dukes 2002) .
Resource availability may also influence how strongly extant stands of native grasses resist invasion. Remaining stands of native grasses are often found in areas with shallow or rocky soils and limited soil resources, and the abiotic conditions in these areas may provide resistance to invasion. Some studies of natural and constructed communities have found that increasing resource availability can promote invasion (Huenneke et al. 1990, Burke and Grime 1996) . The relationship between interactions between species and resource availability differs between different systems, but invasion is typically lower in lower resource systems. Briones et al. (1998) found that competition was absent or very low when water availability was low, but the intensity of competition increased as water availability increased. However, in other systems competition for resources, such as soil water, may increase as resources decrease. Strong belowground competition during drought can greatly reduce invasion rates in native grasslands, even when low aboveground biomass limits aboveground competition (Cahill 2003) . Decreasing soil moisture availability can enhance the competitive suppression of an invader by native perennial grasses (Nernberg and Dale 1997) .
In the case of C. solstitialis invasion, it appears that increased soil depth and higher soil water availability may increase its ability to invade. Although C. solstitialis currently dominates many annual grassland communities in deeper soils, it does not appear to be as successful at invading shallow soils (Roche´et al. 1994) . Microcosm studies have suggested a positive correlation between C. solstitialis invasion success and soil water availability during late spring and summer (Dukes 2001) . Nassella pulchra has been described as the dominant grass in the California Central Valley prairie prior to conversion to annuals (Clements 1934 , Bartolome et al. 1986 , Heady 1988 , but see Hamilton 1997 , Holstein 2001 . As a result, N. pulchra is an important component of the species mix in many projects attempting to restore Central Valley grasslands to their aboriginal state (Stromberg and Kephart 1996) . Centaurea solstitialis is one of the most problematic invaders in California grasslands, and it covers an estimated 4-8.9 3 10 6 ha in California alone (White 1999 , DiTomaso 2000 .
We tested how growth with C. solstitialis impacts survival, growth, reproductive output, and ecophysiology of N. pulchra growing in two soil environments: a higher resource soil environment (i.e., deep soils), and a lower resource soil environment where soil volume and rooting depth were limited. The shallow-soil treatment simulated edaphic conditions often found in relict stands of N. pulchra. To measure how interactions change across years and as N. pulchra plants mature, the study was conducted over three years (1999) (2000) (2001) . Yearly precipitation amount varied among years and presumably affected overall soil moisture availability. In particular, reduced soil water availability associated with dry years was predicted to be especially severe within the shallow-soil treatments because of reduced soil water storage capacity. Because other studies have shown that C. solstitialis performs better in deeper soil and with adequate water, we predicted that the negative effects of C. solstitialis on N. pulchra growth and reproduction would be stronger in the deeper-soil treatment and when soil water levels were higher.
METHODS
The study was conducted in an old field near the campus of the University of California at Davis (38832 0 220 N and 121847 0 200 W, elevation 15 m). The mean annual precipitation for Davis is 418 mm and occurs primarily between October and April; plant growth relies largely on stored soil moisture between April and September (Major 1988 (Huntington et al. 1981) .
Eighty-five growth tubes were constructed from 100-cm lengths of 30 cm diameter polyvinyl chloride (PVC) pipe, which were buried in the ground in a 30 3 40 m plot grid with 1-m spacing. The tops of the tubes were flush with the soil surface and refilled with soil from the site. Forty-five of the tubes were left open at the bottom to give plant roots access to deep soil water and create a higher soil resource treatment. The other 40 tubes were sealed with a thin layer of concrete at a depth of 90 cm; small drain holes were drilled in the PVC just above the concrete layer to allow for drainage. Both N. pulchra and C. solstitialis are capable of using water from soil depths .90 cm, and both use stored soil water for growth and flowering during the later part of their growing season (Roche´et al. 1994 , Holmes and Rice 1996 , Dyer and Rice 1999 . Thus the reduced soil volume of the sealed tubes created a shallower, and presumably more stressful, soil treatment for both species.
In late December of 1998, we planted a single seedling of N. pulchra in the center of each tube. These N. pulchra plants were grown from seed in growth tubes for three months prior to transplanting into the tubes. Any N. pulchra plants that did not establish before mid-January were replaced. Within the tubes, we removed all vegetation other than the target N. pulchra plants. We also removed vegetation around the edges of the plots so plants would not experience aboveground competition from vegetation outside of the tubes. In early January of 1999 we transplanted two seedlings of C. solstitialis into half of the tubes. The C. solstitialis seedlings were excavated from the soil at the site and transplanted on either side of each target N. pulchra plant at a distance ofgerminated from seed present in plots, and all but two of these seedlings located on either side of the N. pulchra plant were removed to maintain the one N. pulchra to two C. solstitialis ratio throughout the experiment.
Nassella pulchra measurements
We collected data on N. pulchra mortality, growth, reproductive output, length of summer dormancy, and plant predawn water potential in all three years of the study. We recorded mortality of the N. pulchra as it occurred, usually indicated by the failure of a N. pulchra plant to revive from dormancy at the beginning of the rainy season. Growth of N. pulchra was measured by average tiller length (i.e., plant height) in the first year, and basal diameter in the second and third years. Basal diameter of N. pulchra is a better measure of size than height, as it is strongly correlated with aboveground biomass (r ¼ 0.91; K. J. Reever Morghan, unpublished data). To measure reproductive output we counted the number of flowering tillers (culms) produced by each plant in the spring. In the fall we recorded the date at which N. pulchra plants broke summer dormancy and produced their first green leaves of the season.
Predawn xylem water potentials of N. pulchra were measured after the end of the rainy season each year using a Scholander-type pressure chamber (PMS Instrument Company, Model 1000, Corvallis, Oregon, USA). Measurements were made on leaves removed from the N. pulchra plants and immediately transferred to the pressure chamber. All measurements were conducted between 0100 and 0500. In 1999, the last rainfall of .5 mm occurred on 8 April, and predawn water potential was measured on 20 May. In 2000, the last rainfall of .5 mm occurred on 18 April, and water potential was measured on 24 May. In 2001, the last rainfall of .5 mm occurred on 20 April, and water potential was measured on 26 April, 9 May, and 22 May. For comparison between years, only late-May water potentials were used.
Centaurea solstitialis measurements
We measured biomass, reproductive output, and plant water potential of C. solstitialis in the plots each year. We harvested both C. solstitialis plants from each plot in the late summer of each year after the seed heads matured. Harvested biomass was oven dried at 608C and weighed. We counted the total number of seed heads produced by C. solstitialis in each plot. We measured predawn water potential of C. solstitialis water at the same time as we measured N. pulchra water potential. Because the C. solstitialis plants were in transition between rosette and bolting stage when we sampled plant water potentials, we used stem leaves for water potential measurements.
Soil nutrient analysis and root sampling
In the spring of 2001 we collected three soil samples from the top 15 cm of both shallow and deep soil tubes to compare soil nutrient levels between the two soil environments. We collected additional soil cores at 0-30, 30-60, and 60-90 cm soil depths to sample the tubes for presence of N. pulchra roots. Because C. solstitialis produces a single taproot, we could not sample C. solstitialis roots in the tubes without damaging the plants, so we excavated three randomly selected C. solstitialis plants growing just outside of the tubes. The purpose of the root sampling was to see whether both plants were rooting to at least 90 cm depth, and thus would notice a difference between plots with 90-cm soil depth and plots with unlimited soil depth.
Statistical analysis
We tested for differences in N. pulchra mortality among treatments using a parametric survival regression analysis fit to a Weibull distribution (SAS Institute 2000) . Because the same N. pulchra plants were measured across years, we used repeated-measures MANOVA to analyze the effect of year, soil environment, and growth with C. solstitialis on N. pulchra basal diameter from 2000 and 2001, and N. pulchra reproductive tiller production from all three years (von Ende 1993). Factorial ANOVA was used to test the main and interactive effects of year, soil environment, and growth with C. solstitialis on N. pulchra predawn water potential and length of summer dormancy (Sokal and Rohlf 1995) . For each year, two-way ANOVA was used to test the interactive effects of soil environment and growth with C. solstitialis on N. pulchra performance, as well as the effect of soil depth and year on C. solstitialis biomass, seed head production, and predawn water potential. Linear regression was used to test the relationship between N. pulchra size and water potential and the relationship between water potential and length of summer dormancy. All data were tested for normality, and natural log or square-root transformed as needed to conform to parametric test assumptions.
RESULTS

Nassella pulchra mortality
Survival of N. pulchra was almost 100% in deep soils, but was ,50% in the shallow-soil treatment (v 2 ¼ 52.13, df ¼ 3, P , 0.0001; Fig. 1 ). Over three years, survival of N. pulchra in shallow soils showed a trend toward lower survival when grown with C. solstitialis compared to plants grown alone (v 2 ¼ 2.82, df ¼ 1, P ¼ 0.09). Mortality was higher in shallow soils during the two dry years (1999 and 2001) . However, there was little additional N. pulchra mortality during the spring and summer of the higher rainfall year (2000); both survival curves for the shallow-soil treatment reach a plateau in the spring and fall of 2000 (Fig. 1 ).
Nassella pulchra growth and reproduction
Growth of N. pulchra was estimated by plant height in the first year of the study (1999) and basal diameter in the other two years of the study (2000 and 2001) , so only data from 2000 and 2001 were used in the repeated measures MANOVA for N. pulchra growth. The combined data from 2000 and 2001 showed that both shallow soils and the addition of C. solstitialis to plots reduced N. pulchra basal diameter (Table 1A) . When looking at the data from individual years, we found that C. solstitialis addition reduced N. pulchra growth in all three years, although soil depth only had a significant effect in 2000 and 2001 (Table 1B) . A closer study of how the percentage reduction in N. pulchra size changed in response to C. solstitialis addition finds that the intensity of the response varied with rainfall amount and soil depth. The greatest relative change in N. pulchra size due to C. solstitialis addition was seen in the higher rainfall year (2000) (Fig. 2A) . This effect was stronger in deeper soils in the two below-average rainfall years (1999 and 2001) and in shallow soils in the wetter year (2000) ( Fig. 2A) .
Reproductive tiller production data from all three years were used in the repeated-measures MANOVA. The patterns seen for N. pulchra reproductive tiller FIG. 1. Survival of Nasella pulchra in response to soil depth and growth with Centaurea solstitialis treatments over the course of the study. CS ¼ growth with C. solstitialis. Notes: (A) The effects of year, soil depth, and growth with C. solstitialis (þCS) on N. pulchra basal diameter and reproductive tiller production are shown; for basal diameter, data from 2000 and 2001 were combined, while for tiller number, data from all three years were combined. (B) The effects of soil depth and growth with C. solstitialis on N. pulchra growth and reproductive tiller production in individual years are shown. Ellipses show that only main effects were used in the analysis when interaction between soil depth and CS was not significant. 0.10 ! P ! 0.05; * P 0.05; ** P 0.01; *** P 0.001.
production for all three years combined and for individual years were almost identical to those seen for N. pulchra basal diameter (Table 1A, B) . However, a significant interaction term in 1999 indicates that, in that year, N. pulchra reproductive tiller number was reduced by growth with C. solstitialis in deep soils but not in shallow soils (Table 1B) . The relative change in N. pulchra reproductive tiller production also exhibited very similar patterns to those seen for N. pulchra basal diameter (Fig. 2B ).
Nassella pulchra water potential and dormancy release
Comparison of late-May water potentials for all three years found a trend toward larger N. pulchra plants having more negative predawn water potentials during the first two years of this study, but not during the third year (1999, There were significant negative effects on growth with C. solstitialis and shallow soil on the N. pulchra predawn water potential measured in late May; water potential also varied among years (Table 2A) . Interactive effects of growth with C. solstitialis and soil depth on predawn water potentials varied among years (Fig. 3A) . In 1999, when N. pulchra was grown alone, there was no effect of soil depth on water potential, but growth with C. solstitialis resulted in lower water potentials in shallow soils (Table 2B ). In 2000, growth with C. solstitialis had no effect on N. pulchra water potential, but grasses in shallow soils had lower water potentials than those in deep soils (Table 2B) negative in shallow soils when it was grown with C. solstitialis (Table 2B) .
Timing of summer dormancy release of N. pulchra was positively linearly related to late-May predawn water potential in all three years of this study (1999 
Thus, plants that were water stressed in late May delayed breaking dormancy in the fall. Both shallow soils and growth with C. solstitialis delayed dormancy release, although there was variation among years (Table 2A ; Fig. 3B ). In 1999, N. pulchra growing in shallow soil with C. solstitialis broke dormancy much later than N. pulchra growing alone (Table 2B ). In 2000, growth with C. solstitialis had no effect on timing of N. pulchra dormancy release in deep soils, but unexpectedly, in shallow soils N. pulchra growing with C. solstitialis broke dormancy earlier than those growing alone (Table   2B ). In the final year, plants in shallow soils broke dormancy later than those in deeper soils, and a trend was seen toward delayed dormancy release for N. pulchra growing with C. solstitialis (Table 2B) .
While N. pulchra plants generally broke dormancy before the first fall rains occurred, some treatments delayed dormancy release until after fall rains began. In the fall of 1999, N. pulchra growing in deep soil with C. solstitialis broke dormancy eight days after the first substantial rainfall, which was 8. Notes: (A) The effects of year, soil depth, and growth with C. solstitialis (þCS) on N. pulchra predawn water potential (late-May measurements) and timing of dormancy release are shown; data from all three years are combined. (B) The effects of soil depth and growth with C. solstitialis on N. pulchra predawn water potential (late-May measurements) and timing of dormancy release in individual years are shown. Ellipses show that only main effects were analyzed when interaction between soil depth and CS was not significant. 0.10 ! P ! 0.05; * P 0.05; ** P 0.01; *** P 0.001.
Centaurea solstitialis survival, growth, reproduction, and water potential
Survival to flowering of C. solstitialis was lower in dry years and in shallow soils. Survival to flowering was 67% in shallow soil and 95% in deep soil in 1999; 100% in both soil treatments in 2000; and 48% in the shallow soil and 95% in deep soil in 2001. Nominal logistic regression tests of the effects of soil depth show that C. solstitialis survival to flowering was significantly lower in shallow soils in both 1999 (Wald v 2 ¼ 3.80, df ¼ 1, P ¼ 0.05) and 2001 (Wald v 2 ¼ 7.26, df ¼ 1, P ¼ 0.007). There were significant effects of soil depth and year on C. solstitialis biomass, seed head production, and lateMay predawn water potential in all three years of the study (two-way ANOVA; Table 3A ). Shallow soils reduced both C. solstitialis biomass and seed head production in 1999 and 2000, but only seed head production in 2001 (Table 3B ). C. solstitialis plants were larger and produced more seed heads in deep soils in all three years (Fig. 4A, B) . In deep-soil plots, the growth and seed head production of C. solstitialis was lowest in the final year. In shallow soil, however, C. solstitialis growth and seed head production were highest in the higher rainfall year (2000) and lowest in the final year of the study. Predawn water potential of C. solstitialis in late May was significantly lower in the shallow-soil environment in all three years of the study (Table 3B) .
Seasonal variation in water potential (2001)
Water availability decreased as the season progressed (Fig. 5) . Overall, N. pulchra had more negative predawn water potentials than C. solstitialis when both species were grown together, and the lowest water potentials were seen when both species grew together in shallow soil (Fig. 5) . On 26 April there was little difference among the treatments, although there was a trend toward lower N. pulchra water potential in shallow soils (P ¼ 0.068). By 9 May, shallow soils lowered C. solstitialis water potential (P ¼ 0.04), and growth with C. solstitialis lowered N. pulchra water potential (P ¼ 0.0005). By 22 May, C. solstitialis water potentials were significantly more negative in shallow soil (P ¼ 0.0009). Soil depth did not affect N. pulchra plants growing without C. solstitialis, but soil water availability was much lower for N. pulchra plants growing with C. solstitialis in shallow soil than for plants growing with C. solstitialis in deep soil (Fig. 5) . In the shallow-soil treatment in 2001, we found no difference between water potentials for C. solstitialis growing alone and C. solstitialis growing with N. pulchra (t test, n ¼ 10, P ¼ 0.57). Mean predawn water potential for C. solstitialis growing with N. pulchra was À5.12 6 1.1 MPa, while water potential for C. solstitialis growing alone was À4.38 6 0.58 MPa.
Soil nutrient analysis and root sampling
There was no difference in nutrient levels, pH, or salinity between deep-and shallow-soil treatments. The roots of N. pulchra were thin, highly branched, and distributed throughout the 90-cm soil profile. Other researchers have also found N. pulchra roots distributed throughout the top 60-100 cm of the soil profile (Hull and Muller 1977, Holmes and Rice 1996) . Our excavated C. solstitialis plants had a single, unbranched taproot system that was .90 cm in length, which was similar to rooting patterns seen by Roche´et al. (1994) .
DISCUSSION
Resource level influences on intensity of interactions
In this study the impact of C. solstitialis on N. pulchra growth and reproduction increased with increasing Notes: (A) The effects of soil depth and year on C. solstitialis biomass, seedhead production, and late-May predawn water potential are shown; data from all three years are combined. (B) The effects of soil depth on C. solstitialis biomass, seedhead production, and late-May predawn water potential in individual years are shown. * P 0.05; ** P 0.01; *** P 0.001.
resources. In addition, C. solstitialis growth and reproduction in the shallow-soil plots was greatest during the highest rainfall year. The relative importance of growth with C. solstitialis in the more stressful, shallow-soil environment compared to the higher resource, deeper-soil environment was dependent on (1) variation in annual rainfall, and (2) the particular response variable measured. Although survival was lowest for both species in the stressful soils, increased moisture availability during the higher rainfall year appeared to partially reduce mortality. Growth with C. solstitialis resulted in a greater percentage reduction of N. pulchra growth and reproduction in the deeper soils in the two dry years, but in the wetter year (2000) negative effects were most pronounced in the shallow soils ( Fig. 2A, B) . In contrast, growth with C. solstitialis had the strongest negative effect on predawn water potential and summer dormancy in the shallow soils during the two dry years. Taken together, these results for growth and reproduction of N. pulchra suggest that the intensity of interactions between these species increased with increasing resource availability, and support predictions made by Grime (1973) that competition will be more intense in more productive environments. Biomass of C. solstitialis in the shallow soils was much lower during the two dry years, so C. solstitialis may not have developed enough above-or belowground biomass in these plots in dry years to exert much of an impact on N. pulchra growth or reproduction. These results are similar to those found by Briones et al. (1998) , who studied the effect of water availability on competition intensity in a semiarid system, and found that the intensity of interspecific competition depended on resource level, and competition was lower when soil water availability was lower. They observed that, during a low-rainfall year, there was little competition in unwatered plots, but competition did occur in plots with supplemental watering.
In contrast, the response of N. pulchra water potential and summer dormancy to growth with C. solstitialis was stronger in the more stressful soil environment, and suggests that competition for water was more intense in the shallow-soil treatment. These results support the prediction of Tilman (1987) that belowground competition is more important in low-resource soil environments. A stronger negative impact in the shallow-soil treatment also corroborates the findings of Goldberg et al. (1999) that competition is frequently stronger in lowresource environments. Soil moisture as an important limiting factor is also indicated by the lower survival of both species in the shallow-soil treatment, and a reduction in mortality during the higher rainfall year. These negative effects of reduced soil water availability for C. solstitialis are supported by other studies that report decreased cover and higher water stress in plants growing in shallow or dry soils (Roche´et al. 1994, Sheley and Larson 1995) .
Release from summer dormancy in Nassella pulchra Delays in N. pulchra dormancy release may reduce the plant's ability to compete with other species for resources. Early research suggested that dormancy release for established N. pulchra plants occurs in October or November, immediately after the first significant rainfall event (Sampson and McCarty 1930) . In this study, however, the N. pulchra plants broke dormancy and produced new leaves before the first autumn rains. Growth of aboveground biomass of N. pulchra slows during November through January, reflecting a shift of resources toward root production during the winter months (Sampson and McCarty 1930) . Thus, breaking dormancy in early autumn allows N. pulchra to allocate to some aboveground growth before it shifts to belowground production, an allocation pattern that may promote subsequent canopy and root development. This rather remarkable ''anticipatory'' growth in perennial bunchgrasses has been noted by other studies (Laude 1953 ) but the factors responsible for variation in the timing of dormancy release have remained unknown. Our results suggest that reductions in soil water availability due to transpiration or drought may be important in prolonging summer dormancy. In the two dry years of our study, the combination of shallow soils and growth with C. solstitialis delayed N. pulchra dormancy release until after the first autumn rain. However, N. pulchra plants in deeper soils generally broke summer dormancy before the first autumn rains (Fig. 3B) . As a result of the delay in dormancy release, N. pulchra growing in stressful soils, especially when growing with C. solstitialis, may be less able to develop aboveground biomass before other fallgerminating plants, such as exotic annual grasses, begin to compete with them for light.
Changes in interactions as Nassella pulchra matures
We documented a decrease in C. solstitialis size in the deeper soil over the three years of the experiment, which suggests that more mature N. pulchra plants may be able to more strongly suppress C. solstitialis growth. In addition, N. pulchra growth, and more importantly, N. pulchra reproduction, exhibited a lower percentage decrease due to growth with C. solstitialis in the higher resource environment during the final year of the study ( Fig. 2A, B) . Other studies have reported increases in the competitive ability of native perennial grasses if they are established before an invader is introduced. For example, the relative competitive suppression of N. pulchra growth by introduced annual grasses diminished as N. pulchra increased in size (Hamilton et al. 1999) . Studies of constructed communities have found that monocultures of 1-yr-old N. pulchra plants are much more able to withstand C. solstitialis invasion than monocultures of seedling N. pulchra (Dukes 2002) . Allowing native perennial grasses to establish for 10 weeks before invasive grass seedlings were added to plots allowed the native grass to out-compete the nonnative grass, although this pattern did not hold in high-nitrogen plots (Kolb et al. 2002) . In another study, increased water availability in a semiarid grassland community increased the biomass of warm season forbs but not that of cool season grasses (Lauenroth and Dodd 1978) . Thus, increased resources could favor C. solstitialis over N. pulchra.
Aboveground vs. belowground interactions
Although C. solstitialis was rarely large enough during N. pulchra's growing season to reduce light availability for N. pulchra, the larger N. pulchra plants produced a canopy that shaded C. solstitialis plants. We noted that the C. solstitialis seedlings in tubes with smaller N. pulchra plants formed prostrate rosettes, while those in tubes with larger N. pulchra plants had a more upright growth habit. Studies have found that shading causes C. solstitialis to exhibit a more upright morphology than it does when grown in full sunlight (Roche´et al. 1994, Gerlach and Rice 2003) . Competition from perennial grasses can decrease C. solstitialis survival, biomass, and flower production, especially when grown with perennial grasses with greater aboveground biomass (Larson and McInnis 1989) . It has been observed that shading of C. solstitialis slows its rate of root growth (DiTomaso et al. 2003) , and slower root growth could potentially reduce its impact on N. pulchra.
Belowground, rather than aboveground, competition from C. solstitialis is probably responsible for the negative effect of C. solstitialis on N. pulchra. Because C. solstitialis rarely grew large enough to shade N. pulchra, the decrease in N. pulchra growth in response to growth with C. solstitialis was probably due to competition for water or for nutrients. Both C. solstitialis and N. pulchra allocate early resources to root growth (Thomsen et al. 1989 , Roche´et al. 1994 , Holmes and Rice 1996 , Gerlach et al. 1998 , Dyer and Rice 1999 . Although the two soil environments did not appear to differ in bulk nutrient levels, increasing extraction of soil water would make soil nutrients less available to plants. The more negative plant water potentials in the shallow-soil treatments (Fig. 3A) suggest that water was limiting, and so nutrients might be less available as well.
There are other possible mechanisms by which Centaurea species can negatively impact native grasses. One mechanism is a direct inhibition of grass growth by Centaurea. Centaurea diffusa (diffuse knapweed) produces root exudates that have been shown to interfere with resource uptake by native grasses, thereby reducing their growth (Callaway and Aschehoug 2000) . It is possible that C. solstitialis may also produce exudates that could directly impact N. pulchra growth. In addition, colonization of Centaurea roots with arbuscular mycorrhizal (AM) fungi can enhance the ability of Centaurea to compete with native grasses. Use of a soil fungicide to reduce AM fungi in plots containing C. melitensis and N. pulchra resulted in reduced impact of C. melitensis on N. pulchra and increased impact of N. pulchra on C. melitensis (Callaway et al. 2003) .
Some previous studies have suggested that perennial grasses extract as much deep soil water as C. solstitialis (Borman et al. 1992 , Gerlach 2004 . The use of deep soil moisture by cool-season perennial grasses can create summer soil water deficits that may limit the success of C. solstitialis invasion (Borman et al. 1992 , Roche´et al. 1994 . However, in our study, N. pulchra extracted much less soil water from the plots than C. solstitialis. In 2001, the late-May water potential measurements in the stressful soil environment were very similar for C. solstitialis whether growing with N. pulchra or growing alone. In contrast, N. pulchra was generally much more water stressed when growing with C. solstitialis than when growing alone. These patterns indicate that the solitary N. pulchra plants in our study did not significantly reduce soil water availability to C. solstitialis, in turn suggesting that any suppression the perennial grass imposed on C. solstitialis was not through direct competition for soil moisture. Dense stands of established perennial grasses may have a stronger effect on soil water, or they may indirectly impact water access by C. solstitialis by shading plants early in the year and impairing C. solstitialis root system development.
The prior history of the site used for this experiment could have influenced N. pulchra success. Prior history of cultivation may be an important determinant of the distribution of relict perennial grass stands, as relict stands appear largely restricted to areas that were never cultivated (Stromberg and Griffin 1996) . In a long-term study of N. pulchra and N. cernua, plants growing on soil that had previously been cultivated had lower total Nassella cover, even though cultivation ceased in these sites in 1937 (Hamilton et al. 2002) . There was low mortality of large Nassella in plots that had never been cultivated, but higher mortality of large Nassella in plots that had been cultivated, suggesting that altered site conditions in cultivated fields may reduce Nassella longevity. Since our study site was an old field, N. pulchra performance may have been poorer than if we had conducted the study in an area that had never been used for agriculture. However, perennial grass restoration projects will frequently occur on sites that were previously used for agriculture, so studies in sites with a past history of cultivation have value.
In conclusion, while relict populations of N. pulchra are frequently found in stressful soil environments, our results suggest that N. pulchra plants may have shorter life spans, reduced biomass, and lower reproduction in these stressful sites. In areas threatened by invaders that are physiologically similar to C. solstitialis, the likelihood that native populations will be invaded will increase in deep soils and in high-rainfall years. The negative impact of C. solstitialis on N. pulchra was dependent upon C. solstitialis growth, and C. solstitialis performed poorly in the stressful soil environment, especially in the two dry years (1999 and 2001) . As a result, there was a large change in N. pulchra growth and reproduction when it was grown with C. solstitialis in shallow soil in the wet year (2000), but little change in the two dry years. Thus, C. solstitialis may be better able to invade relictual stands of N. pulchra on shallow soils in higher rainfall years, which could increase the invasability of and threaten some of California's few remaining native grasslands. On the other hand, in the higher resource environment we found a steady decline of C. solstitialis growth and reproductive output over the years as N. pulchra increased in size. This suggests that the impact of N. pulchra on C. solstitialis may increase as N. pulchra get older and larger. Restoration approaches that foster the development of mature stands of N. pulchra may thus create grasslands more resistant to C. solstitialis invasion.
